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I. INTRODUCTION

There are two straightforward ways to introduce CP violation into the
standard SU(Z)LxU(I) gauge mode]1 of weak and electromagnetic interactions.
One way is to enlarge the quark sector to six {or more) flavors, as
originally observed by Kobayashi and Maskawa (K-M).Z They suggested a
systematic way {via the K-M quark-mixing matrix) to study the CP violating
and other weak interaction effects. The discovery of the b quark3 certainly
indicates that the K-M mechanism of CP violation is present in nature.
Details of this mechanism have been studied extensive!y.4‘8

The other way of introducing CP violation into the SU(Z)LXU(1) model
9-10

is to enlarge the Higgs sector, If we want natural suppression of flavor-

changing neutral currents, three {or more) Higgs doublets are needed, as
originally observed by !rlc-‘:inbexr-g..m its phenomenological consequences have
been discussed by Weinberg and others.]] However, as the number of Higgs
doublets increases, the Higgs structure becomes extremely complicated. In
this work we study these Higgs effects in a systematic fashion. The
parametrization scheme introduced eaﬂier]2 is followed and extended. We
evaluate the CP violating effects im various systems and discuss them in
relation to earlier estimates. o1}

Before we present the calculations, a few words on our motivation seem
appropriate.

{1) The significance of pinpointing the origin of CP violation in the
Weinberg-Salam model is obvious. An enlarged Higgs sector seems to be the
only viable alternative to the K-M mechanism. Naive estimates of CP

1

violating effects from the Higgs sector seem to have already ! ruted out

the model. However, a careful analysis shows that this is not the case,

as we shall see.
{2) Recent investigations of the issue of matter-antimatter asymmetry
in the universe from the viewpoint of grand unification seem to indicate

that three Higgs doublets may be needed in the Weinberg-Salam modeﬂ.‘*3

{3) It is possible that the Higgs Structure arises dynamicaﬂy.M If
this is the case, we expect their couplings to fermions to behave like that
of elementary Higgs particles at low energies (i.e. energies below 10 to
100 GeV), while the couplings among the composite Higgs particles themselves
are determined dynamically and may be rather involved. By parametrizing
the dominant CP violating effects into the Yukawa couplings, our systematic
approach may be well-suited for the study of composite Higgs-induced CP
viplating effects at low energies.

The formalism is discussed in Sec. II while the application is discussed

in Sec. III.

I1. FORMALISM
The most general SU{2)xU{1)}-symmetric Higgs potential invariant under
reflections Gy T _¢i of each Higgs doublet ¢i(x) = (w:(x),wg(x)) {i=1,...,n}

has the form]o

=5 2t * + + +
v{o) = ; wilos05) * in a;;(6505)(8504) +,i2j bys{65053(e50,)
o2
+ § e (60, 1)
iy T

where bii T 0 by definition. Hermiticity reguires that aij and bi; be

e
real and symmetric while Cij need only be Hermitian; correspondingly they

A}

consist of 2n2 real parameters. After spontaneous symmetry breakdown, ¢i

are not necessarily mass eigenstates. The charged components wi(x) of

¢i(x) can be related to their mass eigenstates H;(x) by a rotation:



WF00,4200) = ¥ ;0500 w5000

where H?(x) are not necessarily the mass eigenstates of the neutral Higgs
fields. LlLet H?(x) be a massless Goldstone boson to be absorbed into the
w*. Then, at the tree level, all the neutral fields H?(x) have vanishing
vacuum expectation values except for <H$(x)> =y # 0. {In general, H;(x)
{i=2,...,n) are massive fields.}) It is convenient to fix the arbitrary
overall phases of (w+,w0)i {i=1,...,n) and (H;,H?) so-that the vacuum
expectation values <w0>i and <H$> = v become real. We remove {n-1)
(unphysical) phases in the unitary matrix Y by adjusting the overall phaseé
of (H:,H?) {$=2,...,n). Then the Y matrix can be expressed in terms of
%(n~1) angles and %(n-!)(n-z) {observable) phases]e, in exact analogy
with the K-M quark-mixing matrix3 K. For n =3, they are written as

G 513 5153
K= l-s;¢, €yC,Cq +szs3eia Cy€oSs - 52c3e16 {2a)

ié 16
"S5, CySyCa=CpS4e c]szs3-+c2c3e K >

% 513 51%3
Y = les,C C,C,Ca*+ 5,5 ei‘S C,C,5, = S,C ei<S {2b)
) 172 17273 "273 : 17273 7273 )

H id
=515 CyS,Cq= €548 c]szs3~+c2c3e Y

where ¢y = cosei and sy = sinei. Both K and Y have three angles and
one phase ((ei)K’ GK) and ((ei)Y’ GY). The subscripts K and ¥ are
appended to emphasize the distinction.

Diagonalization of the charged-Higgs mass matraix at the tree level
leads to the relation

i+ 2 Jz aijnji)? - g ey 12 ¥ (3)

G (byy gty 1 (i #4), (4)

where M? (j=1.....r) is the mass of the jth charged Higgs field (Mf = Q)
and Yij E Yij/Yii' It is clear from the above that all Cij are real when all
the phases (5i)Y in the Y matrix vanish. In particular, for n = 3, we find
that
Im(clz) =-(t§)Y Im(c]3) = (tfsg)ylm(c23)
=+ 5 105 -M5)1P) ((s,55c,7c,c,) sins), (5)
where (ti)Y = tan(ei)Y'

The phases of Hg(x) {relative to H;(x)) are still arbitrary. It is
convenient to adjust the phases €5 of Hg(x) = e]ejﬁﬁ(x) in such a way that
the TO-H° coupling in V{¢), ﬁ?FijﬁE, has real F]j components. We express
ﬁg(x) in terms of real fields, E?(x) = £;(x) + ix;(x). Then, in the mass
matrix of the neutral Higgs fields at the tree level, (i) x](x), which is
a Goldstone boson to be absorbed by P, is decoupled from the rest;

(ii) g](x) has no mixing with xi(x) {i=1,...,n). The él(x) can be brought
into its mass eigenstate by a translation, and &i(x) and xi(x) {(i=2,....0)
are related to their mass eigenstates by means of a 2{n-1}x2(n-1}
orthogonal matrix.

The mixing between £ and y leads to CP violation as well as P violation.
However, this mixing vanishes as (5Y)i go to zereo, as is easily seen. In
this sense, the neutral Higgs sector gives rise to no additional CP-
violating phase factor (other than Sy).

The coupling of the Higgs sector to the quark sector has to be con-
structed in such a way that the flavor-changing neutral current interaction

due to the neutral Higgs exchange is naturally suppressed. This is done by



imposing some discrete symmetry on the Yukawa couplings so that different
Higgs fields ¢i couple to the charge 2/3 and - 1/3 right-handed quarks.
Then the general form of the charged-Higgs-quark coupling is given by

_ ,3/4, 172
X, = 234, [

e wiPlin - 5wl
2L yijﬁj(pRMi Kn, - p KM ‘np) + h.c.

where p = {u,c,t) and n = {d,s,b) are the charge +2/3 and - 1/3 quark

mass-eigenstates, and yﬁ. = Yij/Yﬂ as before. The mass matrix Mgp) is

3
()
My

nonzero for only one ¢i' for which = diag.(mu,mc,mt); similarly,

Mgn) = diag.(md,ms,mb) for only one ¢i coupling to g

I1I. PHENOMENOLOGY

Let us discuss the CP-violating effects in the Higgs sector. For
simplicity, we take 8¢ = 0 and (53)K > 0.?.5
{1} The Ko, 8° and T° systems. The box diagrams {la) in Figure 1 are
responsiblie for the K- mixing. The contribution of the charged-Higgs-
boson exchange turns out to be Cchonserving. TJo obtain CP-violating effects
in the KD-KO system, we consider diagram {1b). In this case, the K° decay
is not chirally suppressed. Let us define <O!E&551K°> = Fygs where Fy is
expected to be larger than the kaon decay constant fK. It is straight~
forward to evaluate the diagrams.

From this, we obtain a prediction for the (P-violating effects in the
B(bﬁ) system. In the production of B mesons in e+e" annihilation
e+e_ > B°§°, the final state may go to 5°g° or B°E° via B°-B° mixing
{which is estimated to be close to maximum). In a reasonable approximatign,

the asymmetry in the Higgs model is given by

| NEY8°) - n(e%®) g ’ ’rJ ,
B n(B°E°) + n(s%8%) oJ K

where g~ 21072 4n the system.16 If we take Fy ~ F and £, v 0.5 GeV,

mb = 5 GeY and mS = 0.3 Gev, ag n 2%, which is certainly measurab1e.]7 If we
18

- 1 _ -1
Tet FB = meB(md +m and FK = meK(mS +md) , the asymmetry ag ™ 0.2,

o)
which is huge. The analogous asymmetry ay in the TO-T° system is comparable
to ag while the asymmetry aDin the p°-T° system is too small to be observed
-3
(aD R 1077},
In our choice of parametrization, CP violation can also arise via the Higgs
self-interaction. The diagram in Figure 2 gives such a contribution. However,

if we assume all Higgs self-couplings are weak (so that perturbative calculations

make sense), then the CP-violating effects from diagrams of this type may

contribute at most a few percent of that observed in the K system. Hence, in
our parametrization, essentially all CP-violating effects in the Higgs sector

come from 5y. This verifies the practical usefulness of our approach.

{2) €'/e. It is reasonable to assume that the Al = 1/2 enhancement over the

Al = 3/2 channel in K decays is due to QCD effectslg, where the charged W

boson is exchanged in "Penguin diagrams®, then ¢'/c induced in the Higgs sector
is very small.  The largest value one can reasonably expectn is €'/e ~ 3%.
However, €'/e in the K-M model is also estimated8 to be 0.3 te 3%. ‘'Hence, this

does not provide a good test of the Higgs mixing.

(3) The contribution of charged-Higgs-boson exchange { Figures 3a and 3b, etc.)

te the neutron electric dipole moment D, = %v(4Dd-Du) is given by



_ 2 2 2,2 222, 2,2 222 2,2
by = ede{c]mu zn(mH/mu) + seone xn(mH/mc) +sys,my ﬁn(mH/mt)
2 2 2.2 2 2.2 24,3 f -1
- (c]mu +sycom + 5152mt)(3'+ t3(x - t3) n x}}
.1 2 2 2,2 222 2,2 222 2,2
Du =-3 emuZ{c]md Rn(mH/md) + sycym Zn(mH/mS) + 5ys3m Qn(mH/mb)

- (cfmg + sfcgms + 5$5§m§3(3 + t5{x - té)" X)),

here m, =
! my

y >>me, x = mH3/mH 21oey = (Ci)K’Si = (Si)K, ty = (t3)¥ and

2 2
2= (6/(67Z wm)) (1 - t3/x)Inly; pyp,) (= Im A/(247°) in ref. 9). The
neutral Higgs fields also contribute to Dn‘]] However, there are too many
unknown parameters in the neutral Higgs sector to obtain any reliable esti-
mate. Assuming that the meutral Higgs contribution to Dn is comparable
te that of the charged Higgs sector, we obtain an order-of-magnitude
estimate of the electric dipole moment of the neutron, Dn " IO‘ZSiZ e cm.
Qur results are summarized in Table I, where the values given are the
probable ranges expected. Our estimates are in essential agreements with

10,11 This is due to the Tack of information

the previous calculations.
on the structure of the Higgs sector. ~If the Higgs model is correct, we
expect future experiments will be able to determine the various parameters
in the Higgs sector. This will render our systematic approach much more
useful than the parametrization used in eariier calculations.w’n
In summary, we find that the asymmetry in the (EO»BO) or {T°-1%) system
provides the best place to distinguish the "Higgs" model from the K-M
model. The discovery of the electric dipote moment of the neutron at

27

the level of 10°°" e cm or larger would certainly be considered as a

decisive test. It is likely that CP-violating effects in the K system

arise from both the f# model and tne Higyn model.  in this cese, CP violating
effects in other systems are expectul to Le sonewhere between those predicted
by the two models.

We thank E. Eichten, E. Ma and M. Suzuki for discussions. The work of
K.S. is supported by the High Energy Physics Division of the U.S. Department
of Energy under Contract No. W-7405-[NG-48. The work of S.H.T. is sunported

by the National Science Foundation.
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Caption for Table I

CP-violating effects in the Kobayashi-Maskawa model and the "Higgs" model.
a(B°—§°) is the charge asymmetry in the neutral B system; a(TO—?O) that

in the neutral top meson system. €'/e is in the K system. Dn is the
electric dipole moment of the neutron. See text for details on estimates and
uncertainties. The predictions of the K~M model are taken from the
references indicated. The readers should consult them for details of their
esimates and uncertainties. The top quark mass is taken to be

m, < 30 gev.

Table 1
K-M "Higgs"
model model
~4
4x10
a(8°-E%) 0.5 to 20%
{ref. 6)
b =0 <107°
a{T"-7") 0.5 to 20%
{ref. 6)
8.3 to 3%
e'fe <3%
{ref. 8)
-30
10
n o, -25%2
z {in cm) (ref. 7} 10
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Figure 1.

Figure 2.

Figure 3.

Figure Captions

{a) The standard box diagram where a pair of boson fields {HW,
WW or HH) are exchanged between a pair of left-handed
quark-antiquark. The HH pair exchange conserves (P
invariance. Crossed diagrams must be included.

{b) Exchange of a pair of charged Higgs fields by a left-handed
and a right-handed quark-antiquark system. This box diagram
can give CP violating effects.

A two loop diagram where the self-interacting Higgs vertex

can give CP violating effects.

The lowest order diagrams which involve the charged Higgs

particles and contribute to the electric dipole moment of the

neutron.,
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